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Abstract
The features of modern dog breeds that increase the ease of mapping common diseases, such as reduced
heterogeneity and extensive linkage disequilibrium, may also increase the difficulty associated with fine
mapping and identifying causative mutations. One way to address this problem is by combining data from
multiple breeds segregating the same trait after initial linkage has been determined. The multibreed approach
increases the number of potentially informative recombination events and reduces the size of the critical
haplotype by taking advantage of shortened linkage disequilibrium distances found across breeds. In order to
identify breeds that likely share a trait inherited from the same ancestral source, we have used cluster analysis
to divide 132 breeds of dog into five primary breed groups. We then use the multibreed approach to fine-map
Collie eye anomaly (cea), a complex disorder of ocular development that was initially mapped to a 3.9-cM
region on canine chromosome 37. Combined genotypes from affected individuals from four breeds of a single
breed group significantly narrowed the candidate gene region to a 103-kb interval spanning only four genes.
Sequence analysis revealed that all affected dogs share a homozygous deletion of 7.8 kb in the NHEJ1 gene.
This intronic deletion spans a highly conserved binding domain to which several developmentally important
proteins bind. This work both establishes that the primary cea mutation arose as a single disease allele in a
common ancestor of herding breeds as well as highlights the value of comparative population analysis for
refining regions of linkage.
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The features of modern dog breeds that increase the ease of mapping common diseases, such as reduced
heterogeneity and extensive linkage disequilibrium, may also increase the difficulty associated with fine mapping and
identifying causative mutations. One way to address this problem is by combining data from multiple breeds
segregating the same trait after initial linkage has been determined. The multibreed approach increases the number
of potentially informative recombination events and reduces the size of the critical haplotype by taking advantage of
shortened linkage disequilibrium distances found across breeds. In order to identify breeds that likely share a trait
inherited from the same ancestral source, we have used cluster analysis to divide 132 breeds of dog into five primary
breed groups. We then use the multibreed approach to fine-map Collie eye anomaly (cea), a complex disorder of
ocular development that was initially mapped to a 3.9-cM region on canine chromosome 37. Combined genotypes
from affected individuals from four breeds of a single breed group significantly narrowed the candidate gene region
to a 103-kb interval spanning only four genes. Sequence analysis revealed that all affected dogs share a homozygous
deletion of 7.8 kb in the NHEJ1 gene. This intronic deletion spans a highly conserved binding domain to which
several developmentally important proteins bind. This work both establishes that the primary cea mutation arose as a
single disease allele in a common ancestor of herding breeds as well as highlights the value of comparative
population analysis for refining regions of linkage.
[Supplemental material is available online at www.genome.org.]
Dog breeds are uniquely suited for genetic analysis of traits that
have proven problematic for study in human families (Sutter and
Ostrander 2004; Lindblad-Toh et al. 2005; Parker and Ostrander
2005). Each dog breed is a closed population, and breed mem-
bership requires that both parents be registered members of the
same breed. Population bottlenecks resulting from small num-
bers of founders, over-representation of popular sires, and fluc-
tuations in breed popularity contribute to reduced heterogeneity
and increase the average length of linkage disequilibrium (LD)
within dog breeds.
The same factors that make the dog system ideal for map-
ping complex traits also create a challenge for moving beyond
locus identification to specifying the genetic sequence variant(s)
responsible for phenotypes of interest. Much of the canine ge-
nome is contained in large continuous segments shared among
all or most members a single breed (Sutter et al. 2004; Lindblad-
Toh et al. 2005). As a result, many successful linkage studies have
been followed by struggles to narrow the initial disease interval,
which usually extends over several megabases and may contain
>100 genes. However, if multiple breeds with allelic mutations
can be identified, then a combination of data from these breeds
could be used to narrow the interval of interest to a manageable
size (Goldstein et al. 2006), as has been demonstrated by the
successful identification of a gene for progressive rod–cone de-
generation (prcd) (Zangerl et al. 2006) and the merle coat color
mutation (Clark et al. 2006). However, it is rarely feasible to per-
form genetic crosses to determine allelism. Hence a genetic
method for identifying breeds that likely share ancestral muta-
tions is required.
We have used clustering analysis to group 132 domestic dog
breeds into five groups. We have also identified subclusters
within some of the larger groups showing additional levels of
relatedness among some breeds. This classification scheme is
based on genotypic data generated from 96 microsatellite mark-
ers that were initially used in a cluster analysis of 85 dog breeds
(Parker et al. 2004). In this study, we demonstrate the utility of
the breed classification system for multibreed analyses by apply-
ing it to the problem of fine-mapping the Collie eye anomaly (cea)
locus.
Collie eye anomaly is a complex trait in which the pattern of
chorioretinal and scleral development is variously disturbed. The
primary aspect of the phenotype, termed choroidal hypoplasia,
presents as a localized defect of choroidal development in the
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temporal quadrant of the ocular fundus. This lesion, similar to
the human macular coloboma, segregates to a very close approxi-
mation as an autosomal recessive trait. The locus (cea) that is
associated with this trait was previously mapped to a 3.9-cM re-
gion of canine chromosome 37 (CFA37) (Lowe et al. 2003).
In this study, we developed a dense set of markers for CFA37
that allowed us to assemble and compare haplotypes among af-
fected dogs from multiple breeds hypothesized to share an an-
cestral haplotype based on the cluster analysis. This reduced the
disease interval to 103 kb and only four genes. We show that a
large deletion within an intron of one of these genes was present
in all cea-affected dogs and absent in unaffected dogs of multiple
breeds. Thus, the results presented here not only define the pre-
sumptive underlying mutation of the primary cea defect, but also
demonstrate the utility and power of linkage disequilibrium
mapping among breeds with a shared history.
Results
Population structure
To better understand the relationships among dog breeds, we
have analyzed data from 638 dogs representing 132 distinct
breeds or breed varieties using cluster analysis (Supplemental
Table 1). The data set includes >79% of American Kennel Club
(AKC) recognized breeds and represents 92% of all dogs registered
by the AKC based on statistics from 2005 (http://www.akc.org/
reg/dogreg_stats.cfm).
Using the computer program STRUCTURE (Pritchard et al.
2000; Falush et al. 2003), we first determined if each breed
formed a unique, breed-specific cluster (Supplemental Fig. 1). At
the maximum number of populations (K = the total number of
breeds), STRUCTURE indicated that 114 of 132 breeds form dis-
tinct, single clusters composed in each case of dogs of only one
breed (Supplemental Fig. 1). In addition, nine closely related
pairs of breeds were observed that cluster in at least 80% of all
runs (Table 1). These pairs can be identified in Supplemental
Figure 1 as red squares off the diagonal. Nine additional pairs of
breeds, three that had been previously noted (Parker et al. 2004)
and six new pairs, were found to cluster in 60%–79% of all runs
and are referred to as related breeds (Table 1). These pairs can be
identified as orange squares off the diagonal in Supplemental
Figure 1. When removed from the full data set and analyzed as a
single pair at K = 2, four of the six closely related breed pairs and
all of the related breed pairs each divide into two distinct breed
groups in all runs (Supplemental Fig. 2). The only exceptions
were the Petit and Grand Basset Griffon Vendeens (PBGV and
GBGV, respectively), which were assigned to separate breed
groups <20% of the time, and the Belgian Sheepdog and Ter-
vuren, described previously (Parker et al. 2004). The Miniature
and Toy Poodles, two size varieties of a single breed, separate into
two populations although not strictly along variety lines. Four-
teen breeds display within-breed clustering distances outside the
95% confidence interval, with the top six forming a single cluster
<75% of the time (Supplemental Table 1).
We next examined clustering across breeds to determine if
hierarchical relationships could be discerned. Again we utilized
the program STRUCTURE, this time allowing the breeds to assort
into two to 50 clusters by incrementally increasing the number of
populations (K) in each subsequent run. To determine the best
value of K that describes the breed structure, we examined both
likelihood measures taken from the program STRUCTURE and
measures of consistency across multiple runs. The likelihood of
each run increased with successively higher values of K. This is
expected based on the analysis of individual breed clusters. Cal-
culations of K based on variation in the likelihood across mul-
tiple runs does not indicate a single best K value (Evanno et al.
2005; Supplemental Fig. 3). Therefore, the consistency of the
individual runs was deemed more informative for assessing
population structure across the breeds. A distribution of standard
deviations across multiple runs of structure at each value of K
from 2 to 20 was used to identify the most informative value of
K (Supplemental Fig. 4). This distribution is lowest at K = 2,
where a separation of the Eastern or Asian breeds from the gen-
eral population of modern European breeds is observed. Varia-
tion between runs increases at K = 3 and peaks at K = 4 and K = 6,
with a significant decrease at K = 5 (Supplemental Fig. 4). The
Table 1. Cluster analysis confirms the breed-historic relationships
for 18 breed pairs
Breed 1 Breed 2
Within
breed
distancea
Across
breed
distance
Closely related breed pairs
Petit Basset
Griffon Vendeen
(5)
Grand Basset Griffon
Vendeen (5)
0.0863 0.0438
Norfolk Terrier (4) Norwich Terrier (5) 0.0168 0.0539
Manchester Terrierb
(4)
Toy Manchester
Terrier (4)
0.0428 0.0600
Belgian Sheepdog
(5)
Belgian Tervuren (4) 0.0297 0.0939
American
Staffordshire Bull
Terrier (5)
Kerry Blue Terrier (5) 0.0703 0.1299
French Bulldog (4) Staffordshire Bull
Terrier (5)
0.0424 0.2129
Boston Terrier (5) French Bulldog (4) 0.0407 0.2148
Bulldog (5) American
Staffordshire Bull
Terrier (5)
0.0514 0.2425
American
Staffordshire Bull
Terrier (5)
Staffordshire Bull
Terrier (5)
0.0679 0.2797
Related breed pairs
Miniature Poodleb
(5)
Toy Poodle (5) 0.0748 0.3292
Collie (5) Shetland
Sheepdog (5)
0.0249 0.3804
Greater Swiss
Mountain Dog (5)
Bernese Mountain
Dog (5)
0.0245 0.3900
Boston Terrier (5) American
Staffordshire Bull
Terrier (5)
0.0589 0.4166
Irish Wolfhound (5) Scottish
Deerhound (4)
0.0148 0.4229
Soft Coated Wheaten
Terrier (4)
French Bulldog (4) 0.0282 0.4401
Siberian Husky (5) Alaskan
Malamute (5)
0.0988 0.4893
Shiba Inu (5) Chow Chow (5) 0.0550 0.5383
Miniature Bull Terrier
(5)
Staffordshire Bull
Terrier (5)
0.0354 0.5048
These dogs cluster with members of closely related breeds in at least 80%
of all runs and related breeds in at least 60% of all runs. The median
distance between dogs in the same breed is 0.043 (average 0.098).
aWithin breed distance is the average of the two related breeds.
bThe Standard and Toy Manchester Terriers and the Miniature and Toy
Poodles, respectively, are varieties of the same breed according to AKC
rules and standards.
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variation between runs at K = 5 is significantly lower than that
found at K = 4, K = 6, K = 7, and K = 8 (p = 2.14  1010,
2.2  1016, 2.6  104, and 2.6  103, respectively). As K in-
creases, the mean and median standard deviation (SD) decreases
gradually toward an ultimate breed-specific clustering solution.
Based on these findings, there are five probable clusters of
breeds present in the current data set (Fig. 1). Individually, the
STRUCTURE results produced two different patterns of clusters at
K = 5, with neither appearing more frequently than the other
(Supplemental Fig. 5). To determine the single best clustering
solution, all 20 runs were converted to distance matrices and
averaged into one single matrix represented by the color map in
Figure 1. By comparing all of the runs simultaneously, we observe
a fifth, previously unrecognized cluster comprised of large moun-
tain dogs and a subset of spaniels that are clearly more related to
each other than to the majority of dogs from the other four
clusters. The new “mountain” cluster, shown in purple in the
structure graph on the left side of Figure 1, is anchored by the
Bernese Mountain Dog and Greater Swiss Mountain Dog and
includes other large dogs such as the German Shepherd and Saint
Bernard (Fig. 1). The spaniels are divided between the mountain
cluster and the hunting cluster, shown in red, which is the largest
cluster. The hunting cluster is comprised of modern gun dogs
such as the pointers, setters, and retrievers, as well as an assort-
ment of hounds and companion dogs.
The other two clusters are the mastiff/terrier cluster, which
first becomes apparent at K = 3, and the herding/sighthound
cluster (Supplemental Fig. 5). Detailed examination of the color-
map graph of breed relationships reveals not only the five pri-
mary clusters but smaller closely related groups within the larger
clusters (Fig. 1). Many of the breeds within these subclusters ap-
pear mixed on the averaged structure graph, although they
clearly group with one another based on comparisons across runs
regardless of the actual cluster to which they are assigned in each.
At values of K > 5, there is clearly additional structure de-
picted in each run, as evidenced by increasing likelihood and the
steady decrease in SD between runs (Supplemental Figs. 2, 3).
Individuals tend to be clustered in one group rather then split
between multiple groups, but the majority of these assignments
are not consistent across multiple runs indicative of the admixed
history of most breeds. As K approaches the total number of
breeds, the dogs are divided into breed-specific groups giving no
additional information about breed relationships. Therefore, fur-
ther analyses at greater values of K were not considered.
Fine-mapping and mutation analysis
We applied the above findings to the problem of cea, a develop-
mental defect found in several herding breeds. We previously
localized the primary cea defect to the region between markers
FH4306 and AHTh174 on canine chromosome 37 (CFA37;
LOD = 22.17 at  = 0.076) (Lowe et al. 2003). This interval is now
known to correspond to the 1.7-Mb CanFam2 region on canine
chromosome 37, between bases 27,726,776 and 29,432,968. This
region corresponds to an ∼2-Mb region on human chromosome
2q35 (Chr2:218,528,849–220,575,553; Human, March 2006 as-
sembly) that contains >40 known human genes. Likely candidate
genes for cea would be those that affect development or induc-
tion of the ocular mesenchymal tissue (Latshaw et al. 1969), such
as genes involved in cellular differentiation or migration. Due to
both the size of the region and the number of candidate genes,
we sought to reduce the interval by developing haplotypes com-
posed of SNP and microsatellite markers in affected dogs from
several breeds.
The four breeds in which the disease is most prevalent are
Collie-like herding breeds that belong to the herding/sighthound
cluster (Fig. 1). The Collie and Shetland Sheepdog form a related
pair at the center of the cluster, while the Australian Shepherd
and the Border Collie cluster together. Directed matings had al-
ready shown the disease to be allelic in the Collie, Border Collie,
and Australian Shepherd (Lowe et al. 2003). Clustering results
suggest that these three breeds, as well as the Shetland Sheepdog,
are likely to share a recent common ancestor, and the causative
mutation may thus be identical by descent (IBD) as well.
The genes AAMP and EPHA4 were identified as flanking the
previously reported cea interval on the integrated map of CFA37
by Lowe et al. (2003). To design new markers for the fine-
mapping of the cea interval, prior to the availability of the 7.5
whole genome sequence assembly (Lindblad-Toh et al. 2005), we
assumed a similar gene order and content for this region of
CFA37 and the homologous region of human chromosome 2
(HSA2). Interrogation of the TIGR 1.5 canine sequence data-
base (http://www.ncbi.nlm.nih.gov/projects/genome/seq/
BlastGen/BlastGen.cgi?pid=10726) using human sequence for
genes located between AAMP and EPHA4 on HSA2 yielded ho-
mologous canine sequences and identified eight new microsat-
ellite markers (Supplemental Table 2). Evaluation of these mic-
rosatellites suggested several variant haplotypes among cea-
affected Collies, Shetland Sheepdogs, Border Collies, and
Australian Shepherds. Most affected individuals shared common
alleles at markers FH4619 and FH4620 (Supplemental Table 2).
However, at least one affected dog was heterozygous at each of
these markers, suggesting that higher-resolution genotyping of
the interval with more stable polymorphisms would better define
the ancestral recombination events.
Additional markers were discovered from sequence reads
based on eight genes (ABCB6, FAM134A, GLB1L, IHH, NHEJ1,
PRKAG3, SLC23A3, WNT6) predicted to be present in the region
between AAMP and EPHA4. Canine sequence for several other
genes predicted to be in the candidate region was also examined
but yielded no polymorphisms among the panel of dogs tested
(the full list of primers is available at http://research.nhgri.
nih.gov/dog_genome/). Twenty-nine SNPs, four insertion/
deletion polymorphisms, and one simple sequence repeat were
identified and genotyped in 29 affected, unaffected, and carrier
dogs. Initially, the genotypes of 14 affected dogs representing
four related breeds revealed a common haplotype bounded by
the closest flanking markers, IHH-Indel1 and rs23961951 (SNPs
28 and 58) (Supplemental Table 3), for which heterozygosity was
detected among affected chromosomes. Release of the 7.5
Boxer sequence assembly (CanFam1) and a SNP database (Lind-
blad-Toh et al. 2005) allowed additional SNPs to be identified and
tested. Heterozygosity among cea-affected chromosomes in SNPs
rs23961769 and FLJ-IHH_SNP1 proximally, and rs8919370 dis-
tally, reduced the shared haplotype to 102,495 bp (correspond-
ing to chr37:28,631,277–28,733,772 on CanFam2) and elimi-
nated all exons of IHH from the conserved interval (Fig. 2). A
subset of the haplotypes with critical recombinants identified is
shown in Figure 2. A full list of the markers, primer sequences,
genotypes, and haplotypes in the region can be found in Supple-
mental Tables 2 and 3.
Interrogation of the RPC181 BAC library yielded several
clones positive for genes anticipated to be within the cea candi-
date region. Location of the end sequences of these BACs allowed
Parker et al.
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Figure 1. Population structure of 132 domestic dog breeds. On the left of the heatmap graph is a structure graph with each bar representing a breed comprised of four to five individuals. The bars are divided into K colors, where K is the number of populations assumed. The length of the colored segment
shows the breed’s estimated proportion of membership in that cluster averaged over 20 runs with K = 5. The heatmap graph shows consistency of clustering between breeds across the same 20 runs of structure. (Red blocks) Breeds that cluster together in >80% of runs; (orange) breeds that cluster together
in 60%–80% of all runs; (yellow) breeds that cluster in 40%–60% of runs; (light blue) breeds that cluster in 20%–40% of runs; and (dark blue) breeds that cluster in <20% of all runs. Breeds are ordered identically along both the X- and Y-axes of the color map. Order was determined by a dendrogram
based on the distances displayed (dendrogram not shown). The names of the breeds are shown to the left of the structure graph and above the heatmap. The four breeds used to map cea are highlighted in yellow. Group names are listed to the right with colored lines indicating the location of the group
on the heatmap.
 Cold Spring Harbor Laboratory Press on October 17, 2014 - Published by genome.cshlp.orgDownloaded from 
alignment against CanFam1 and then CanFam2 when these as-
semblies became available, and construction of a canine BAC
contig across the cea interval. PCR analysis of this BAC contig
with SNPs and other markers confirmed that marker and gene
order in this BAC contig was in agreement with that reported in
the 7.5 sequence assembly (Fig. 2). This analysis further con-
firmed that IHH exon 1 was present in the BAC contig, although
represented by a gap in CanFam1. Eventually, the entire cea LD
interval, defined by the SNP haplotype shared by all tested cea-
affected chromosomes, was shown to be included in a single BAC
clone, 96B02 (Fig. 2).
The shared haplotype encompasses the coding region of
four genes: nonhomologous end joining factor 1 (NHEJ1), solute
carrier family 23 member 3 (SLC23A3), and two hypothetical
proteins, FAM134A and C2orf24; plus the non-coding region 5 to
Indian Hedgehog (IHH) exon 1. Sequence analysis of all exons
and flanking regions within the shared haplotype revealed no
variants within a coding region that would provide a likely can-
didate for the causative mutation. One potentially significant
intronic variant was detected, however, in all affected chromo-
somes tested: a 7799-bp deletion within
intron 4 of the gene NHEJ1, correspond-
ing to nuc leot ides 28 ,697 ,542–
28,705,340 on canine chromosome 37
(CFA37) in CanFam2. Two additional
noncoding SNPs (NHEJ1_1, NHEJ1_2) in
the same gene were also detected (see
Supplemental Table 3).
To estimate the occurrence of this
deletion in the greater dog population, a
two-step PCR test was used to evaluate a
set of samples representing multiple
breeds. The test utilizes primers placed
inside and outside the deletion to
quickly identify chromosomes with and
without the mutation (Fig. 3). Ninety
dogs (58 cea-affected, 32 obligate hetero-
zygotes) representing four breeds segre-
gating cea were genotyped for the 7799-
bp deletion, as well as for the closely
linked NHEJ1_1 and NHEJ1_2 SNPs.
These 90 dogs represented several ex-
tended cea-informative pedigrees, both
purebred and experimental mixed-
breed. An additional 93 dogs from 45
breeds not known to segregate cea were
similarly scanned. The deletion was
p r e s -
ent in both chromosomes of all 58 af-
fected dogs and in one and only one
chromosome of each of the 32 obligate
carriers from the extended pedigrees
(Table 2). All dogs carrying the 7799-bp
deletion also carried the affected haplo-
type at SNPs NHEJ1_1 and NHEJ1_2.
Among the 93 dogs from breeds
that did not segregate cea, two dogs (an
Alaskan Malamute and a Dalmatian) car-
ried the alleles associated with cea at
SNPs NHEJ1_1 and NHEJ1_2 but not the
7799-bp deletion. One dog, a Boykin
Spaniel, was heterozygous for both the
deletion and the NHEJ1_1 / NHEJ1_2 haplotype and was pre-
sumed a carrier of the disorder. Sixteen additional Boykin Span-
iels closely related to this individual were subsequently tested,
and five were found to be heterozygous for the mutation and
haplotype, demonstrating that the recognized cea-affected hap-
lotype was segregating in this breed. Most recently, a small family
of Boykin Spaniels segregating the cea-affected phenotype has
been identified and genotyped to confirm that the CFA37 hap-
lotype cosegregates with the disorder in the Boykin Spaniel (see
Supplemental Table 3).
Dogs from several additional breeds in which a cea or cea-
like phenotype was reported to segregate, but were not included
in the initial mapping analysis, were subsequently tested for the
presence of the 7799-bp deletion. In the Lancashire Heeler, Nova
Scotia Duck Tolling Retriever, and Longhaired Whippet breeds,
all dogs diagnosed as cea-affected were homozygous for the 7799-
bp deletion; cea-nonaffected obligate carriers were heterozygous
for the deletion; and it cosegregated with cea in informative pedi-
grees (see Supplemental Table 3). Two dogs from the Berger des
Pyrenees breed that were clinically diagnosed as affected with
Figure 2. Alignment of SNP haplotypes and a canine BAC contig to the CanFam2 genomic sequence
for the cea interval on canine chromosome 37. Eight haplotypes, spanning >376 kb on CFA37, rep-
resent cea-transmitting chromosomes segregating in four different breeds and define a linkage dis-
equilibrium interval common to all known cea-affected breeds. Haplotype 1 was observed in all cea-
affected Rough and Smooth Collies and Australian Shepherds tested, and in some but not all Border
Collies. Haplotypes 2 through 7 were identified in specific Border Collies, and haplotype 8 was only
seen in European Shetland Sheepdogs. All haplotypes are identical, and all affected dogs are homo-
zygous for SNPs rs8797935 through rs23961919 (the region bounded by vertical blue lines). (Blue box
above the chromosome, the black line in the center of the figure) The position of the 7799-bp deletion
in intron 4 of NHEJ1. (Red boxes below the chromosome line) Genes in the region. BACs are tiled below
the genes and are identified by their number. The gene-specific probes used to pick the BACs and align
them to the chromosome are listed in red above the BAC.
Deletion cosegregates with cea across dog breeds
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colobomas were tested but did not have the 7799-bp deletion. A
small pedigree of Soft Coated Wheaten Terriers that segregates a
phenotype including lesions resembling cea (Van der Woerdt et
al. 1995) was also tested, but none of the dogs carried the dele-
tion.
The entire 7799-bp deletion comprises nucleotides
28,697,542–28,705,340 on chromosome 37 based on the Can-
Fam2 assembly (http://genome.ucsc.edu/). It is located within
the 67-kb intron 4 of the gene NHEJ1, ∼460 bp from exon 5.
Comparative genome analysis of this non-coding region among
dog, human, mouse, and rat genomes revealed islands of high
sequence conservation (PhastCons Conserved Elements) (Siepel
et al. 2005; see http://genome.ucsc.edu/cgi-bin/hgTables). The
largest such conserved element (Score: 692, LOD = 210) com-
prises a 323-bp interval corresponding to chr37:28,702,317–
28,702,639. The homologous region was readily identified in the
genomes of all nine mammals currently available, including that
of the opossum (Monodelphis domestica, a marsupial). Multiple
sequence alignment of these nine mammalian homologs identi-
fied a core 124-bp element (chr37:28,702,470–28,702,599) that
was the most highly conserved sequence. Within this element,
there are conserved binding sites for several DNA-binding pro-
teins (Fig. 4).
Discussion
Collie eye anomaly is a hereditary canine ocular disorder char-
acterized by regional hypoplasia of the choroid, the highly vas-
cularized layer of the eye underlying the retina. The characteristic
ophthalmoscopically detectable defect in the ocular fundus is
located temporal to the optic nerve
(Roberts 1960; Roberts and Dellaporta
1965; Roberts et al. 1966) and corre-
sponds to lesions termed “macular colo-
bomas” when recognized in humans
(Alur and Brooks 2004; Gregory-Evans et
al. 2004; Chang et al. 2006). Colobomas
and staphylomas of the optic nerve head
and/or adjacent tissues may also occur as
part of the cea extended phenotype.
Also, although less frequently, tortuous
retinal vessels, multiple retinal folds,
retinal detachment, and/or retinal neo-
vascularization may be observed. Most
commonly, dogs affected with cea be-
long to one of the herding breeds with
Collie ancestry. We previously mapped
the primary cea locus to a 3.9-cM inter-
val on CFA37 flanked by markers
FH4306 and AHTh174, a region pro-
jected to encompass >40 genes (Lowe et
al. 2003).
The addition of several microsatel-
lite markers and comparison of as-
sembled haplotypes between affected
and unaffected dogs initially strongly
suggested that the cea locus was re-
stricted to the 691-kb region between
FH4617 and FH4622 (Supplemental
Table 2). However, no additional recom-
bination events were found within the
initial mapping families to confirm this reduced interval, and no
disease-associated mutations were observed to segregate within a
selected set of putative candidate genes tested.
The founding dogs of the mapping families came from three
different affected breeds—the Collie, Border Collie, and Austra-
lian Shepherd. All of these breeds fall into one breed cluster and
were considered likely to have acquired their mutation from the
same ancestral source. A fourth affected breed, the Shetland
Sheepdog, was predicted to possess the same mutation based
solely on its close genetic relationship to the Collie. With the
family information exhausted, we decided to use a comparative
mapping strategy, including multiple breeds with shared ances-
try, to reduce the region of interest to the coding regions of four
candidate genes. This reduction in haplotype allowed for the
identification of a disease-associated deletion within the gene
NHEJ1. The deletion, though intronic, includes several conserved
elements, most notably a 124-bp segment that is highly con-
served among all available mammalian genomes, including that
of the opossum, and contains binding sites for multiple regula-
tory proteins. It is the interaction of just such a protein with the
conserved region that we postulate is responsible for the cea de-
fect. Either NHEJ1 or IHH could be the target gene regulated by
such an interaction. IHH lies just 1250 bp outside the minimum
shared interval and is a member of a family of morphogens that
regulate cell proliferation, differentiation, and cell–cell commu-
nication in developing embryos, which makes it a particularly
attractive candidate gene for such a scenario.
The apparent absence of any sequence homologous to the
cea-associated deletion in all the currently available genomes of
nonmammalian species suggests strongly that the mechanism
destroyed by the cea-associated deletion has evolutionary signifi-
Figure 3. A two-step PCR protocol for genotyping the cea-associated deletion. (A) The NHEJ1 gene
with the positions of the two linked SNPs designated by * and primer locations within intron four. (B)
Expanded representation of the cea-associated deletion region (outlined by diagonal dashed lines),
with flanking and internal primers. (C) Electrophoretogram demonstrating PCR results using primers
shown in B on DNA from Normal (N), Carrier (C), and Affected (A) dogs. (Lane 1, M) A marker lane
with sizes as indicated. Set I of PCR products (lanes 2–4) presents amplification results using primers
NHEJ1-F17 and NHEJ1-R17. Set II (lanes 5–7) presents results using primers NHEJ1-F20 and NHEJ1-R23.
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cance for differences in the patterning of ocular development
unique to the mammalian eye.
This work establishes that the primary cea mutation arose as
a single disease allele and was transmitted to multiple herding
breeds through outcrosses in early dog breed development. The
breeds used in this comparative study are closely related both by
genetic analysis, as shown in the cluster analysis, and histori-
cally, as herding dogs. Although cea-affected dogs are most con-
sistently seen in the herding breeds with Collie ancestry, lesions
resembling Collie eye anomaly are infrequently seen in a much
wider range of breeds. In the most recent compilation of such
data (American College of Veterinary Ophthalmologists 2007;
see Supplemental Table 4), nine breeds and varieties are reported
as known to cosegregate the cea phenotype and the cea-
associated haplotype reported herein. Dogs from a further 18
breeds are infrequently reported to present with choroidal hypo-
plasia (macular coloboma) and optic nerve head coloboma/
staphyloma. Sporadic isolated case reports of colobomas are fur-
ther tabulated for an additional 77 breeds.
The deletion described here is found only in dogs affected
with or carrying cea and can be identified using a simple PCR-
based test. Aside from the standard use of a genetic test to control
breeding and reduce the prevalence of the disease, the presence
of this mutation can be used to assist with diagnoses as well. Dogs
presenting with unidentified choroidal hypoplasias or colobo-
mas can be tested for the deletion to determine if the condition
is indicative of cea. This may prove particularly useful in breeds
that are not typically associated with cea. The test may also be
used to identify cea in merle dogs where pale eye coloring can
lead to false diagnosis.
Because carriers of the cea-associated haplotype were found
by chance in dogs from a hunting breed, the Boykin Spaniel, not
previously known to be affected with cea, efforts were made to
identify and genotype a cea-affected Boykin Spaniel. Finding that
the affected Boykin Spaniels were homozygous for the CFA37
haplotype described herein confirmed that this breed segregates
cea as well as the mutation and haplotype. We also tested three
other breeds (Lancashire Heeler, Longhaired Whippet, and Nova
Scotia Duck Tolling Retriever) in which a cea-like phenotype was
reported to segregate and demonstrated concordance between
their genotypes for the 7799-bp deletion in intron 4 of NHEJ1
and their cea phenotypic status. The Lancashire Heeler was de-
veloped by crossing a herding breed and a terrier and shows a
close relationship to the Border Collie according to our analysis,
although it clusters with the hunting dogs. The Longhaired
Whippet is a recently developed breed that may have had long-
coated herding dogs, such as the Shetland Sheepdog, among its
founders. The Nova Scotia Duck Tolling Retriever (NSDTR) is a
gun dog breed that reportedly includes “farm collies” among its
ancestors, although it does not cluster with the herding breeds.
Both the Boykin Spaniel and the NSDTR are hunting breeds that
were developed in North America from a mixture of European
breeds and mongrels, which may have included local farm Col-
lies. Without deliberate selection for any of the traits associated
with herding dogs, the only signature of herding ancestry in
these two sporting breeds is the cea defect commonly found in
Collie-like dogs. This finding highlights the inter-relatedness of
all dog breeds and suggests that although breeds are strictly seg-
regated in modern times, all dogs stem from one or more com-
mon founding populations, and the relationships among estab-
lished breeds are not always evident.
In addition to the cea-affected breeds, we tested a small pedi-
gree of Soft Coated Wheaten Terriers (SCWT), which exhibited a
phenotype broadly similar to cea. In the SCWT, the eye disorder
presents with the choroidal hypoplasia and colobomas that are
reminiscent of cea, but mild anterior segment dysgenesis, which
is not typical of cea, is also observed in the SCWT syndrome.
Interestingly, neither the affected nor unaffected dogs had the
cea deletion, and markers in the region did not segregate with the
disease (genotypes available at http://research.nhgri.nih.gov/
dog_genome/). The SCWT is an old terrier breed from Ireland and
has more in common genetically with guarding breeds, such as
the bulldog, than with herding or sporting breeds, as evidenced
by the cluster analysis presented here (Fig. 1). We hypothesize
that the disorder found in the SCWT, although similar in appear-
ance to cea, is caused by a mutation in another gene in the path-
way leading to development of the choroid.
Applied broadly, these results suggest that the search for
causative mutations associated with canine diseases will be most
successful when (1) the disease has been identified in multiple
breeds of common ancestry; and (2) the disease alleles are IBD in
affected individuals. Multiple instances of mutations shared
across breeds have been observed to date. For instance, the same
mutations in the MC1R, TYRP1, and AGRP genes have been found
to segregate with coat color in multiple dog breeds (Newton et al.
2000; Schmutz et al. 2002; Berryere et al. 2005). In addition,
recent identification of SILV, the gene responsible for merle or
mottled coloring in dogs, revealed the identical causative muta-
tion, a SINE insertion, in multiple breeds of dog with a variety of
genetic and historical backgrounds (Clark et al. 2006). These
Table 2. Haplotypes observed in affected, carrier, and normal
dogs
Observed haplotypes
Disease status
Affected
(58)
Carriers
(32)
Nonaffecteda
(93)
Number of
chromosomes 116 32 32 4 45 131 2/2b 1/1c
NHEJ1-1 C C T T C T C/T C/T
NHEJ1-2 T T G T G G T/G T/G
Deletion d d — — — — / d/
Numbers in parentheses are the numbers of dogs tested.
aNonaffected dogs include 45 breeds not known a priori to segregate cea
in addition to the cea segregating breeds already mentioned in this study.
These breeds were sampled as follows: two Akitas, one Alaskan Mala-
mute, two American Water Spaniels, two Basset Hounds, two Bearded
Collies, two Bedlington Terriers, four Bernese Mountain Dogs, two
Bichon Frises, two Borzois, two Boston Terriers, two Boxers, two Boykin
Spaniels, two Bull Terriers, two Cavalier King Charles Spaniels, one Chesa-
peake Bay Retriever, two Chihuahuas, one Cocker Spaniel, two Dalma-
tians, two English Shepherds, two English Springer Spaniels, two Field
Spaniels, four Flat-coated Retrievers, two Fox Hounds, two French Bull-
dogs, two German Pinschers, two German Shepherd Dogs, two German
Short-haired Pointers, three Golden Retrievers, two Greater Swiss Moun-
tain Dogs, two Ibizan Hounds, two Irish Water Spaniels, two Labrador
Retrievers, two Miniature Bull Terriers, two Newfoundlands, two Papil-
lons, two Portuguese Water Dogs, two Pug Dogs, four Rottweilers, two
Saint Bernards, two Spinoni Italianos, two Standard Schnauzers, two Sus-
sex Spaniels, two Weimaraners, two Welsh Springer Spaniels, and two
Welsh Terriers.
bThe phase of the SNPs was not determined.
cIn the initial survey, one nonaffected Boykin Spaniel was found to carry
both the deletion and the affected haplotype. This has subsequently been
observed in several additional closely related Boykin Spaniels, and a cea-
affected Boykin Spaniel (not included in this table) has been identified
and genotyped as homozygous for the cea-associated haplotype.
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studies suggest that the mutations associated with each pheno-
type arose a limited number of times, in some cases only once,
were introduced into new breeds through out-crossing, and were
maintained either through direct selection for a desired trait or
through close proximity to a region under selection. Similarly,
many disease alleles, although not specifically selected for, ap-
pear to have developed relatively few times and can be found in
related breeds via a common ancestor. For example, a haplotype
of microsatellites associated with the multi-drug-resistance mu-
tation in ABCB1 was found to be IBD in nine distinct dog breeds,
four of which cluster together in our analysis while the other five
share historical or anecdotal relationships to these breeds (Neff et
al. 2004).
In dogs, as in humans, there are multiple loci for most com-
mon diseases including deafness, progressive retinal disease,
heart disease, and epilepsy (for review, see Petersen-Jones 2005;
Rak and Distl 2005; Chandler 2006; Parker et al. 2006). Examin-
ing identical diseases in unrelated breeds will likely reveal inde-
pendent genetic origins for diseases with similar phenotypes. By
sampling from breeds with predicted common ancestry, re-
searchers can enrich their studies for affected individuals that
share a common disease-causing mutation.
In summary, a classification system based on genetic mark-
ers, such as the breed clusters described here, allows for quick
identification of related breeds. Canine breed history is complex
and we cannot know what selective forces were strongest during
the development of a particular breed or how those have
changed over time. Clustering analysis at the current level does
not identify each historical introgression; however, it does pro-
vide a starting point for selecting breeds with common ancestry.
The breeds contained within a single cluster share not only a
large portion of their genome, but as the cea analysis demon-
strates, may be more likely than randomly selected breeds to
share deleterious mutations inherited from a common ancestor.
As geneticists working in the human system struggle to under-
stand the genetic basis of complex traits, it is clear the dog has
much to offer. Subsets of dog breeds have been identified with an
increased risk for nearly every disease that plagues humans. Us-
ing comparative genomics, we can link not only the genomes but
the phenotypes and geographic boundaries that define popula-
tions to categorize the breeds, trace their history, and identify
traits shared between them. This offers a unique opportunity for
those interested in studying the genetics of isolated populations,
regardless of species.
Methods
Canine pedigrees and diagnostic methods
Naturally occurring and experimental pedigrees derived from af-
fected purebred Collies, Border Collies, and Australian Shepherds
in which cea segregates were sampled as described previously
(Lowe et al. 2003). Other affected purebred dogs were collected
from private owners. All diagnoses were made by clinical oph-
thalmoscopic examination (G.M. Acland), and in selected cases
confirmed by gross examination of the fixed posterior segment
and/or ocular histopathology. For the purposes of this study, any
dog with ophthalmoscopic evidence of choroidal hypoplasia
(one or both eyes) was classified as affected.
DNA isolation
For cluster analyses, samples from 224 purebred dogs represent-
ing 132 breeds were obtained by buccal (cheek) swabs (76%) and/
or blood samples (24%) from American Kennel Club (AKC) sanc-
tioned dog shows, specialty events, and mail-in donations. Par-
ticular effort was made to sample the many breed groups that
were under-represented in previous studies of breed relatedness
(Zajc and Sampson 1999; Koskinen and Bredbacka 2000; Irion et
al. 2003; Parker et al. 2004). AKC registration number and de-
tailed pedigree information were requested for all dogs, as par-
ticipation was limited to dogs that were unrelated through the
grandparent generation. In the case of nine dogs for which pedi-
grees were not submitted, verification of pedigree was provided
by breed club representatives or collection managers.
Buccal swab samples were collected according to AKC guide-
lines (http://www.akc.org/) using cytology brushes (Medical
Packaging Corp.). DNA was extracted from buccal swabs using
QiaAmp DNA extraction kits following the manufacturer’s pro-
tocol (QIAGEN). DNA was extracted from blood samples using a
Figure 4. Comparative alignment of the 124-bp highly conserved region within the canine cea-associated deletion for nine diverse mammalian
sequences. The most strongly conserved region includes a cluster of recognition domains for several DNA-binding proteins, conserved in all nine species.
These sites are listed above the alignment with lines pointing to the starting position. Locations and sequence information for these conserved binding
domains are listed in Supplemental Table 6. The sequence locations for alignment are dog, chr37:28,702,470–28,702,593 rc; human,
chr2:219,715,427–219,715,550 rc; chimp, chr2b:225,076,398–225,076,521 rc; rhesus, chr12:82,998,197–82,998,320 rc; mouse, chr1:74,973,801–
74,973,924 rc; rat, chr9:74,386,991–74,387,114 rc; cat, scaffold_100612:247,076–247,199; cow, chr2:65,088,541–65,088,663 rc; opossum,
chr7:175,293,269–175,293,392.
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phenol/chloroform protocol as described previously (Comstock
et al. 2002).
DNA from cea-affected dogs for fine-mapping studies was
isolated from whole blood or splenic tissue, using standard pro-
tocols (Maniatis et al. 1982). All procedures were performed in
adherence to the ARVO Resolution for the Use of Animals in
Ophthalmic and Vision Research. All DNA was handled in accor-
dance with the Fred Hutchinson Cancer Research Center and
NIH Animal Care and Use Committee approved protocols.
Microsatellite genotyping for cluster analysis
Data from 414 dogs representing 85 distinct breeds that had been
genotyped by us previously were included in this study (Parker et
al. 2004). Five unrelated dogs from each of 35 breeds and four
dogs from a further 12 breeds, for a total of 47 new breeds, were
additionally genotyped using 96 microsatellite markers as de-
scribed (Parker et al. 2004). DNA samples were arrayed in 96-well
plates. A positive control was included on each plate to ensure
consistent allele binning. PCR was carried out using 2.5–5 ng of
genomic DNA as template and a standard protocol (http://
research.nhgri.nih.gov/dog_genome/). PCR amplicons were la-
beled by the addition of 0.25 pmol of an M13 primer covalently
linked with either 6FAM, VIC, NED, or PET fluorescent dyes (ABI)
to each reaction. For each DNA sample, two to four amplicons
spanning separate microsatellites and labeled with different dyes
were multiplexed following completion of PCR. Samples were
denatured in Hi-Di formamide with 15 pmol of GeneScan-500LIZ
size standard (ABI) according to the manufacturer’s protocols. All
samples were loaded on an ABI 3730xl capillary electrophoresis
instrument for allele separation. Genotypes were called using
GeneMapper 4.0 (ABI). All calls were checked manually, and each
plate was scanned for the appearance of new alleles outside ex-
isting bins.
Statistical analysis of population clusters
Clustering of 132 breeds was performed using the program
STRUCTURE (Pritchard et al. 2000; Falush et al. 2003) at 100,000
iterations of the Gibbs sampler after a burn-in of 20,000 itera-
tions. The correlated allele frequency model was used with asym-
metric admixture allowed. Each run was repeated 20 times at
values of K from 2 to 5, 10 times at values of K from 6 to 20, and
five times at values of K from 21 to 50. Runs were completed both
with and without population information to assess consistency
of clustering.
Two methods were used to compare independent runs of
STRUCTURE. At values of K  5, populations were manually
matched by breed membership and then averaged over all runs.
Consistency was determined by the presence of multiple breeds
with at least 80% of their genome assigned to only one of the K
clusters. Manually matching breeds introduces a bias toward the
breed chosen as anchor for each cluster and thus implies greater
purity within these breeds that may or may not be realistic. To
reduce this bias and to assess the stability of runs at higher values
of K, similarity was determined by calculating an average stan-
dard deviation across multiple runs. In order to bypass the need
to manually order populations, Euclidean distance matrices be-
tween individuals and populations were calculated from the clus-
ter results for each run. The Euclidean distance gives a model-free
linear distance between individuals based strictly on changes in
the cluster assignments of each. The standard deviation of these
distances based on multiple runs at the same value of K was
calculated for each population pair, and the distribution of stan-
dard deviations was assessed as a measure of overall consistency
(Supplemental Fig. 4). A one-tailed t-test was used to assess the
significance in the distribution of standard deviations at each
value of K. Calculations and significance tests were carried out
using the statistical package R (R Development Core Team 2006).
Relationships between the breeds are displayed as a heatmap
based on average distances between the breeds as calculated
above. Heatmaps were created using the gplots graphing package
in R (http://cran.r-project.org/src/contrib/Descriptions/
gplots.html).
To determine the clustering integrity of individual breeds,
the entire data set was divided into subsets of 10–11 breeds each,
and all possible pairs of subsets were run five times with K equal
to n, n + 1, and n + 2, where n equals the number of breeds in the
combined subsets (20, 21, or 22). All runs were compared by
calculating the Euclidean distance between individual dogs based
on their clustering assignment at each run and then averaging
that distance over all runs in which both individuals of the pair
were included. The average distance between a pair of dogs
within a single breed is 0.09 (median 0.04), while the average
distance between any two dogs of two different breeds is 1.3
(median 1.3; Wilcoxon test for significant difference in the dis-
tributions p < 2  1016) (Supplemental Fig. 1B). The outer limit
of the 95% confidence interval describing within-breed cluster-
ing is equivalent to individuals clustering together in ∼85% of
runs. Breeds in which all individuals cluster with all members of
another breed in at least 80% of runs are therefore considered to
be a closely related pair. Breeds that cluster together in >60% but
<80% of runs are considered a related pair (Table 1).
Canine BAC library screening for fine-mapping of cea
The RPC181 canine 8.1-fold BAC library (BACPAC Resource Cen-
ter, Children’s Hospital Oakland Research Institute, Oakland,
CA; http://bacpac.chori.org/mcanine81.htm) was screened to
identify BAC clones containing the genes CRYBA2, CDK5R2,
NHEJ1, SLC23A3, and ABCB6. Canine partial sequences for these
genes were acquired from the Institute for Genomic Research
(TIGR) database and used to design primers for canine gene-
specific probes (Supplemental Table 5). Amplification of the cor-
rect gene product was confirmed by direct sequencing. Amplified
products were labeled with [-32P]dCTP and hybridized to high-
density gridded BAC clone filters according to a standard proto-
col (Li et al. 1999). DNA from identified BAC clones was extracted
using the alkaline lysis method (Bimboim and Doly 1979). PCR
reactions using probe-specific primers and sequencing of result-
ing amplicons was used to confirm that the identified BAC clones
contained the expected genes.
End sequence was obtained for eight positive BAC clones by
the sequencing center at TIGR. SNP data and end sequences were
used to align the BACs with the canine 7.5 sequence (Lindblad-
Toh et al. 2005) and create a contig covering the region of linkage.
Sequence alignment and analysis
Sequence alignment of multiple genomes was performed using
BLAT (http://genome.ucsc.edu/cgi-bin/hgBlat) and BLAST
(http://www.ncbi.nlm.nih.gov/BLAST/). Conserved domains
were analyzed using the Web program Consite (http://
mordor.cgb.ki.se/cgi-bin/CONSITE/consite/) to look for regula-
tory sites.
SNP genotyping for fine-mapping
Polymorphisms for fine mapping the cea interval were identified
using two approaches. Initially, a set of informative polymor-
phisms was developed de novo by resequencing selected dogs.
This was done prior to the availability of the 7.5 canine ge-
nome sequence assembly (Lindblad-Toh et al. 2005) and subse-
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quently in order to identify additional gene-specific markers in
the region. PCR primers were designed from gene sequences in
the cea disease interval in a region that corresponds to human
chromosome 2q35 (Supplemental Table 3). Prior to the availabil-
ity of the whole genome sequence assembly, amplicons were
selected based on alignment of the canine 1.5 sequence with
the human genome (Kirkness et al. 2003; Hitte et al. 2005). To
identify informative polymorphisms and build haplotypes, each
gene region was amplified initially in eight dogs; four affected
dogs, three carriers, and one unaffected dog. Regions that con-
tained SNPs were then sequenced using DNA from 46 additional
dogs including 32 affected dogs, 13 carriers, and two additional
unaffected animals. All sequence reads were aligned using Phred,
Phrap, and Consed packages (Ewing et al. 1998; Gordon et al.
1998). SNPs were identified from aligned sequences using Poly-
Phred (Nickerson et al. 1997).
Once the canine genome sequence alignments (CanFam1
and CanFam2) became publicly available (http://genome.
ucsc.edu/ and http://www.ncbi.nlm.nih.gov/Genomes/), an addi-
tional set of SNPs from the cea interval was selected and tested for
informativeness in several cea-affected and heterozygous dogs
(Supplemental Table 3). Canine SNPs can be found at http://
www.broad.mit.edu/mammals/dog/snp/ and http://www.
ncbi.nlm.nih.gov/entrez/query.fcgi?CMD=Display&DB=snp.
Haplotypes were assigned manually by ordering SNPs ac-
cording to the genomic position. The haplotypes of homozygous
dogs were determined first. Heterozygous dogs were assigned
phase based on the most likely haplotypes previously identified.
Where available, phase was verified with family data.
Population screening for a cea-associated deletion
Once a deletion and two tightly linked SNPs were identified in
the initial study group of cea-affected dogs, a set of DNA samples
from an additional 34 cea-affected dogs, 33 obligate cea-
heterozygotes, and 94 phenotypically unaffected individuals rep-
resenting 45 breeds was tested for the presence of these alleles.
PCR amplification and sequencing were performed using
standard protocols as described previously (Lowe et al. 2003;
Zangerl et al. 2006). Conditions are available at http://
research.nhgri.nih.gov/dog_genome/. The deletion was tracked
by genotyping using two sets of primers: NHEJ1-F17, 5-
TCTCACAGGCAGAAAGCTCA-3 , with NHEJ1-R17, 5-
CCATTCATTCCTTTGCCAGT-3, to amplify within the deletion;
and NHEJ1-F20, 5-TGGGCTGGTGAACATTTGTA-3, with
NHEJ1-R23, 5-CCTTTTTGTTTGCCCTCAGA-3, to amplify
across the deletion.
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